The angular dependence of the spontaneous emission of CdTe quantum dots (QDs) inside a photonic crystal with a pseudogap is reported. The sensitive dependences of the radiative lifetime and the photoluminescence spectrum of CdTe QDs on the observation angle demonstrate the effect of the photonic bandgap on the spontaneous emission of the QDs. © 2003 Optical Society of America OCIS codes: 160.6000, 300.6500, 130.3130.
Photonic crystals (PCs) are periodic structures that strongly modify the dispersion relation of light. There has been great interest in controlling the atomic and molecular spontaneous emission (SpE) rate with three-dimensional (3D) PCs. 1 -6 Previous experiments found significant modif ications of the photoluminescence (PL) spectra of atoms and molecules in 3D PCs, 3 but the inf luence of the photonic bandgap (PBG) on the SpE lifetime is still in question. An early experiment with dye molecules in dilute colloidal crystals showed a variation of the SpE lifetime of 1.75 times. 4 However, it was argued that this remarkable variation was caused mainly by electronic and chemical interactions between dye molecules and the medium, instead of a pure PBG effect. 5 Another experiment with colloidal crystals doped with dye molecules found that the PBG effect on the SpE lifetime was very small (ϳ2%). 6 A PC with a pseudogap exhibits an angularly dependent optical spectrum, so one can resolve this controversy by measuring the angle dependence of the SpE lifetime of light emitters in the PC.
Colloidal II-VI quantum dots (QDs) exhibit some unique optical and electrical properties. The SpE of a QD depends not only on the dot's properties (i.e., size, shape, and surface structure, etc.) but also on the nature of its surrounding environment, more specif ically, on the photonic mode density at its location. 7 Compared with those of dyes, the PL peaks of QDs can be controlled by choice of the dot size to match the PBG, and the PL width of QDs is narrower, which makes QDs ideal as probe light emitters in PCs. The modification of the PL spectrum of CdS QDs in a PC was recently reported. 8 In this Letter we report the modification of the SpE lifetime of CdTe QDs in a PC film with a pseudogap. The PC thin f ilm used in our experiment is a fcc crystal of air spheres in silica, which was grown along the [111] direction on a silica plate, as described in detail in Ref. 9 . Although there are some defects and cracks, the macroporous f ilm has long-range ordering in an area of 5 mm 3 5 mm, which makes it possible to measure the SpE lifetime of light emitters in the f ilm with angular dependence. The observed angular dependence of the SpE lifetime confirms the PBG effect on the SpE lifetime.
With the pseudo stop gap of our PC f ilm around 530 nm, the diameter of the chosen colloidal CdTe dots is ϳ3 nm, so that their PL peak (ϳ525 nm) is located within the gap. The size distribution of the dots is ϳ5%, and the PL quantum yield is ϳ30%. To incorporate the CdTe dots into the PC, we immersed the air-sphere crystal film in a toluene solution of dots for 1 h to promote the adsorption of CdTe dots at the SiO 2 -air interfaces of the voids. The concentration of the solution was low (ϳ10 27 mol͞l) to make stacking of dots more unlikely. Then the sample was rinsed repeatedly in toluene to remove the dots adsorbed near the external f ilm surface, and it was dried and sealed in a transparent container with ambient Ar for optical measurements. With a pulsed laser beam (wavelength of 400 nm, ϳ1-ps duration, 0.05 mJ per pulse, and 16.4-MHz repetition rate) as the excitation source, PL spectra were recorded by a liquid-nitrogen-cooled CCD mounted behind the monochromator. The radiative lifetime was measured by a time-correlated photon-counting system with a time resolution down to 400 ps. All measurements were carried out at room temperature. Figure 1 shows the transmission spectrum of the PC film at normal incidence and the PL spectrum of CdTe QDs in solution. The PC film exhibits a clear stop band with the center position at 530 nm. The FWHM of the stop band is ϳ60 nm. The narrow FWHM (ϳ10% of the center frequency of the bandgap) reveals that the macroporous silica f ilm is of high crystalline quality. 10, 11 Because of the finite thickness (ϳ5 mm) of the PC f ilm, the stop band is not complete. The low transmission of the passband is caused mainly by the absorption of silica, the ref lections of the film and the substrate surfaces, the scattering of the macroporous surface, etc. After incorporation with CdTe QDs, the transmission spectrum of the PC f ilm does not exhibit variation, indicating that the density of CdTe dots is very low in the voids of the PC film. The PL of the CdTe QDs peaks around 525 nm, with a FWHM Fig. 1 . Transmission spectrum of the PC film at normal incidence (solid curve), PL spectrum of the CdTe QDs (dashed curve, normalized), and PL spectrum of the PC film itself (dotted curve, with intensity relative to the PL peak of the CdTe QDs).
of ϳ30 nm. In addition, because of the presence of neutral oxygen vacancies (NOVs), a common kind of defect in silica, 12 the PC f ilm exhibits a weak PL itself, which, as shown in Fig. 1 , peaks around 460 nm with a FWHM of ϳ20 nm under the excitation of 400-nm light. Fortunately, its overlap with the PL of CdTe QDs is small.
The inset in Fig. 2 plots the typical PL decays of CdTe QDs inside the PC and in a toluene solution. All the PL decays were obtained by monitoring at the wavelength of 525 nm, with the resolution of the monochromator at ϳ5 nm and a collection solid angle of ϳ0.0005 sr. These PL decay curves can be fitted well by a biexponential function ͓A 1 exp͑2t͞t 1 ͒ 1 A 2 exp͑2t͞t 2 ͔͒, where the values of t 1 and t 2 are on the nanosecond time scale. Colloidal II -VI semiconductor QDs usually exhibit multiple PL decays as a result of the complex energy structure near their band edge. The average time (t av ) is def ined as
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For CdTe QDs in solution, t 1 , t 2 , and t av are ϳ3, ϳ12, and ϳ10 ns, respectively. Hereafter, the values of t 1 and t av of dots in solution are labeled t 1-initial and t av -initial . For QDs in the PC film the values of t 1 and t 2 are different from those of QDs in solution and are functions of the observation angle (u ob ) with respect to the normal direction of the PC film surface. Figure 2 gives the values of t 1 and t av versus u ob . For u ob from 0 ± to 20 ± the values of t 1 and t av are ϳ1.7t 1-initial and ϳ1.9t av -initial , respectively. Then the values decrease with increasing u ob greater than 20 ± and stay at ϳ1.4t 1-initial and ϳ1.3t av -initial , respectively, for u ob greater than 30 ± . As shown in Fig. 1 , the silica backbone of the PC f ilm exhibits a weak PL that is due to the NOV centers. However, its contribution to the PL decay spectra is negligible because the monitoring wavelength (525 nm) is far from this silica PL peak (460 nm). Moreover, the radiative lifetime of the NOV centers is on the microsecond time scale.
14 Therefore the nanosecond-scale PL decays shown in Fig. 2 are characteristic time decay behaviors of CdTe QDs in the PC film.
There are two main factors that may lead to the change of lifetime of QDs in the PC f ilm: the PBG effect and the electronic and chemical interactions between QDs and the medium. Electronic and chemical interactions between dye molecules and the medium have been proposed to explain the slight increase in the f luorescence lifetime of dyes in PCs. 5 The energy transfer from excited NOV centers to CdTe QDs can also prolong the radiative decay of CdTe dots. However, the electronic and chemical interactions can explain the slight lifetime increase only for large u ob . The down-step behavior shown in Fig. 2 is caused by the pseudogap moving away from the 525-nm PL peak with increasing u ob . For the air-sphere fcc-structured PC the central position of the stop band varies along different directions, and its width is dependent on the refractive index of the backbone. Because of the low refractive index of silica, the macroporous silica PC f ilm has not a complete bandgap but a pseudogap, i.e., it can prohibit photon propagation only in certain directions. With increasing u ob , i.e., with an observation angle drifting off the [111] direction, the stop band shifts toward shorter wavelengths. 15, 16 At u ob of 0 ± the stop band of the PC film (530 nm) overlaps the 525-nm PL band, as shown in Fig. 1 . Photons emitting in this direction are restrained; thus the radiative lifetime is prolonged. With increasing u ob the stop band begins to move away from the PL band. As measured in our experiment, it shifts to ϳ490 nm at u ob of 30 ± . Therefore the restraining effect of the PC f ilm on photons emitting at larger u ob is weakened, and eventually it diminishes. Figure 3 represents the typical normalized PL spectra for different observation angles. There are two PL bands that peak around 460 and 525 nm, respectively. The 525-nm band originates from the CdTe QDs, and the 460-nm band comes from the NOV centers of the PC film. At small observation angles (u ob , 20 ± ), the SpE from CdTe QDs is strongly restrained by the PC (within the stop band). The PC prohibition on the SpE of CdTe QDs becomes weaker with increasing u ob toward 20 ± and ceases to exist when u ob is greater than 30 ± . The evolution of the 525-nm band of QDs via u ob results in the obvious variation of the normalized PL spectra shown in Fig. 3 . This evolution is caused by the suppression effect of the anisotropic pseudogap of the PC film. The lifetime measurement is done by monitoring at 525 nm, and the turning point of the down-stepping behavior of the measured lifetimes, as shown in Fig. 2 , is consistent with the evolution of the 525-nm PL band, as shown in Fig. 3 .
The ratios of lifetimes between smaller u ob and larger u ob , as shown in Fig. 2 , are only 1.2 and 1.5 times for t 1 and t av , respectively. The small modif ication effect of the PC film on the SpE may be caused by some randomness in the PC film, such as dispersion in the air-sphere size, point defects, lattice defects, and dislocations. 17, 18 Because of the scattering of radiation by defects, there may be emission in directions for which photon propagation would be prohibited in a perfect PC, thus weakening the PBG effect on the SpE modification. The presence of randomness can introduce resonant or localized states in the bandgaps also, which enhance the emitter-f ield interaction, but it is expected that these states will make small contributions to the f luctuation of the SpE lifetime for the PC film with a pseudogap. 17, 18 In summary, our measurements of the observationangle dependence of the SpE from CdTe QDs in a pseudogap PC film demonstrated the PBG effect on the SpE lifetime. This modif ication of lifetime for QDs by PCs can be useful in applications for optoelectronic devices, such as QD lasers and QD switches.
